Constraining dark matter lifetime with a deep gamma-ray survey of the Perseus galaxy cluster with MAGIC by Barrio Uña, Juan Abel et al.
Constraining Dark Matter lifetime with a deep gamma-ray survey of the Perseus
Galaxy Cluster with MAGIC
MAGIC Collaboration:, V. A. Acciaria, S. Ansoldib,u, L. A. Antonellic, A. Arbet Engelsd, C. Arcaroe,
D. Baackf, A. Babic´g, B. Banerjeeh, P. Bangalei, U. Barres de Almeidai,j, J. A. Barriok, J. Becerra
Gonza´leza, W. Bednarekl, E. Bernardinie,m,x, A. Bertib,y, J. Besenriederi, W. Bhattacharyyam,
C. Bigongiaric, A. Bilandd, O. Blanchn, G. Bonnolio, R. Carosip, G. Ceribellai, S. Cikotag, S. M. Colakn,
P. Colini, E. Colomboa, J. L. Contrerask, J. Cortinan, S. Covinoc, V. D’Eliac, P. Da Velap, F. Dazzic, A. De
Angelise, B. De Lottob, M. Delfinon,z, J. Delgadon,z, F. Di Pierrow, E. Do Souto Espin˜eran,
A. Domı´nguezk, D. Dominis Presterg, D. Dornerq, M. Doroe,∗, S. Eineckef, D. Elsaesserf, V. Fallah
Ramazanir, A. Fattorinif, A. Ferna´ndez-Barrale, G. Ferrarac, D. Fidalgok, L. Foffanoe, M. V. Fonsecak,
L. Fonts, C. Frucki, D. Galindot, S. Gallozzic, R. J. Garcı´a Lo´peza, M. Garczarczykm, M. Gaugs,
P. Giammariac, N. Godinovic´g, D. Gubermann, D. Hadaschu, A. Hahni, T. Hassann, J. Herreraa, J. Hoangk,
D. Hrupecg, S. Inoueu, K. Ishioi, Y. Iwamurau, H. Kubou, J. Kushidau, D. Kuvezˇdic´g, A. Lamastrac,
D. Lelasg, F. Leonec, E. Lindforsr, S. Lombardic, F. Longob,y, M. Lo´pezk, A. Lo´pez-Oramasa, C. Maggios,
P. Majumdarh, M. Makarievv, G. Manevav, M. Manganarog, K. Mannheimq, L. Maraschic, M. Mariottie,
M. Martı´nezn, S. Masudau, D. Mazini,u, M. Minevv, J. M. Mirandao, R. Mirzoyani, E. Molinat,
A. Moralejon, V. Morenos, E. Morettin, P. Munar-Adrovers, V. Neustroevr, A. Niedzwieckil, M. Nievas
Rosillok, C. Nigrom, K. Nilssonr, D. Nincin, K. Nishijimau, K. Nodau, L. Nogue´sn, S. Paianoe, J. Palacion,∗,
D. Panequei, R. Paolettio, J. M. Paredest, G. Pedalettim, P. Pen˜ilk, M. Peresanob, M. Persicb,aa, P. G. Prada
Moronip, E. Prandinie, I. Puljakg, J. R. Garciai, W. Rhodef, M. Ribo´t, J. Ricon,∗, C. Righic, A. Rugliancichp,
L. Sahak, T. Saitou, K. Sataleckam, T. Schweizeri, J. Sitarekl, I. Sˇnidaric´g, D. Sobczynskal, A. Someroa,
A. Stamerrac, M. Strzysi, T. Suric´g, F. Tavecchioc, P. Temnikovv, T. Terzic´g, M. Teshimai,u,
N. Torres-Alba`t, S. Tsujimotou, G. Vanzoa, M. Vazquez Acostaa,∗, I. Vovki, J. E. Wardn, M. Willi, D. Zaric´g
aInst. de Astrofı´sica de Canarias, E-38200 La Laguna, and Universidad de La Laguna, Dpto. Astrofı´sica, E-38206 La Laguna,
Tenerife, Spain
bUniversita` di Udine, and INFN Trieste, I-33100 Udine, Italy
cNational Institute for Astrophysics (INAF), I-00136 Rome, Italy
dETH Zurich, CH-8093 Zurich, Switzerland
eUniversita` di Padova and INFN, I-35131 Padova, Italy
fTechnische Universita¨t Dortmund, D-44221 Dortmund, Germany
gCroatian MAGIC Consortium: University of Rijeka, 51000 Rijeka, University of Split - FESB, 21000 Split, University of Zagreb -
FER, 10000 Zagreb, University of Osijek, 31000 Osijek and Rudjer Boskovic Institute, 10000 Zagreb, Croatia.
hSaha Institute of Nuclear Physics, HBNI, 1/AF Bidhannagar, Salt Lake, Sector-1, Kolkata 700064, India
iMax-Planck-Institut fu¨r Physik, D-80805 Mu¨nchen, Germany
jnow at Centro Brasileiro de Pesquisas Fı´sicas (CBPF), 22290-180 URCA, Rio de Janeiro (RJ), Brasil
kUnidad de Partı´culas y Cosmologı´a (UPARCOS), Universidad Complutense, E-28040 Madrid, Spain
lUniversity of Ło´dz´, Department of Astrophysics, PL-90236 Ło´dz´, Poland
mDeutsches Elektronen-Synchrotron (DESY), D-15738 Zeuthen, Germany
nInstitut de Fı´sica d’Altes Energies (IFAE), The Barcelona Institute of Science and Technology (BIST), E-08193 Bellaterra
(Barcelona), Spain
oUniversita` di Siena and INFN Pisa, I-53100 Siena, Italy
pUniversita` di Pisa, and INFN Pisa, I-56126 Pisa, Italy
qUniversita¨t Wu¨rzburg, D-97074 Wu¨rzburg, Germany
rFinnish MAGIC Consortium: Tuorla Observatory and Finnish Centre of Astronomy with ESO (FINCA), University of Turku,
Vaisalantie 20, FI-21500 Piikkio¨, Astronomy Division, University of Oulu, FIN-90014 University of Oulu, Finland
sDepartament de Fı´sica, and CERES-IEEC, Universitat Auto`noma de Barcelona, E-08193 Bellaterra, Spain
tUniversitat de Barcelona, ICCUB, IEEC-UB, E-08028 Barcelona, Spain
1
ar
X
iv
:1
80
6.
11
06
3v
3 
 [a
str
o-
ph
.H
E]
  2
8 A
ug
 20
18
uJapanese MAGIC Consortium: ICRR, The University of Tokyo, 277-8582 Chiba, Japan; Department of Physics, Kyoto
University, 606-8502 Kyoto, Japan; Tokai University, 259-1292 Kanagawa, Japan; RIKEN, 351-0198 Saitama, Japan
vInst. for Nucl. Research and Nucl. Energy, Bulgarian Academy of Sciences, BG-1784 Sofia, Bulgaria
wIstituto Nazionale Fisica Nucleare (INFN), 00044 Frascati (Roma), Italy
xHumboldt University of Berlin, Institut fu¨r Physik D-12489 Berlin Germany
yalso at Dipartimento di Fisica, Universita` di Trieste, I-34127 Trieste, Italy
zalso at Port d’Informacio´ Cientı´fica (PIC) E-08193 Bellaterra (Barcelona) Spain
aaalso at INAF-Trieste and Dept. of Physics & Astronomy, University of Bologna
Abstract
Clusters of galaxies are the largest known gravitationally bound structures in the Universe, with masses
around 1015 M, most of it in the form of dark matter. The ground-based Imaging Atmospheric Cherenkov
Telescope MAGIC made a deep survey of the Perseus cluster of galaxies using almost 400 h of data recorded
between 2009 and 2017. This is the deepest observational campaign so far on a cluster of galaxies in the
very high energy range. We search for gamma-ray signals from dark matter particles in the mass range
between 200 GeV and 200 TeV decaying into standard model pairs. We apply an analysis optimized for
the spectral and morphological features expected from dark matter decays and find no evidence of decaying
dark matter. From this, we conclude that dark matter particles have a decay lifetime longer than ∼ 1026 s
in all considered channels. Our results improve previous lower limits found by MAGIC and represent the
strongest limits on decaying dark matter particles from ground-based gamma-ray instruments.
Keywords: decaying dark matter, cluster of galaxies, indirect searches, Imaging Air Cherenkov
Telescopes, Perseus
1. Introduction
Decades of observational evidence show that the Standard Model (SM) of Particles Physics cannot entirely
explain the gravitational balance observed at all cosmological scales, from that of Milky Way satellite dwarf
spheroidal galaxies (dSphs) to that of cluster of galaxies (CGs, see Roos, 2010; Freese, 2009). In order
to explain these observations, Dark Matter (DM) has been suggested to exist in the form of a new elemen-
tary particle, currently only seen through its gravitational imprint. Weakly-Interacting Massive Particles
(WIMPs) are generic massive particles with an expected mass range between few GeV (Lee-Winberg limit,
see Boehm et al., 2004) and few hundreds of TeV (unitary bound, see Griest and Kamionkowski, 1990).
WIMPs are expected to interact with SM particles with strengths at the weak scale, and to be either stable
or very long lived. A WIMP can either annihilate or decay into SM particles, or even be decoupled from
the SM. The WIMP paradigm has been long debated, as the WIMP self-annihilation in the early Universe
naturally accounts for the DM density observed at present (typically referred to as the WIMP miracle), being
possibly within reach of different currently operating instruments. The case of DM annihilation has received
greater attention in the literature (Feng, 2010) but there is no experimental or theoretical guarantee that DM
particles are absolutely stable. The only constraint is that decaying DM particles’ lifetime should be compa-
rable or larger than the Hubble time of ∼ 1017 s in order to explain the current DM density. Among others,
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decaying DM particles may produce e.g. leptons, quarks, or gauge bosons, which can subsequently provide
electromagnetic radiation due to prompt emission or secondary interactions. Lately, DM models that favour
decays into leptons (known as “leptophilic” models) have received increased attention, due to the excess of
positron events observed in the local cosmic ray (CR) flux by PAMELA, AMS-II and Fermi-LAT (Adriani
et al., 2009; Abdo et al., 2009; Ackermann et al., 2010; Aguilar et al., 2013).
The standard cosmological model predicts CGs to be the latest and most massive structures to form in the
Universe (Peebles, 1994). With higher DM concentration and closer distances, dSphs and the Galactic Cen-
ter are among the best regions to search for annihilating WIMPs. CGs however, with masses of the order of
1014−15 M (∼80% of it in the form of DM, see e.g., Jeltema et al., 2009; Pinzke et al., 2009), are excellent
laboratories to study decaying DM. The Perseus CG is a cool-core cluster located at a distance of 77.7 Mpc
(redshift z = 0.0183). Perseus is very bright in X-rays, and one of the best candidates for detecting CR
induced gamma rays that come from particle acceleration at the cluster core (Aleksic´ et al., 2010a; Pinzke
and Pfrommer, 2010; Pinzke et al., 2011). The Perseus CG is considered among the most promising CGs
for gamma-ray indirect DM detection (Sa´nchez-Conde et al., 2011).
The Major Atmospheric Gamma Imaging Cherenkov (MAGIC) telescopes (Aleksic´ et al., 2016a) have ob-
served the Perseus CG since 2009, the deepest exposure the instrument has carried out. The campaign took
place over several consecutive years and comprised almost 400 h of recorded data until 2017. MAGIC is
a system of two 17 m diameter Imaging Atmospheric Cherenkov Telescopes (IACTs) capable of detecting
gamma rays in the very high energy (VHE, E> 50 GeV) band. For low zenith angle observations, MAGIC
has an angular resolution of ∼0.1◦, a trigger threshold of ∼50 GeV, and sensitivity for point-like sources of
∼0.66% of Crab Nebula flux above 220 GeV in 50 h of observation (Aleksic´ et al., 2016a). The MAGIC
campaign on Perseus CG proved to be very fruitful, producing the strongest limits on CR acceleration and
CR pressure in the core of the cluster (Aleksic´ et al., 2010a, 2012c); a clear detection and model for the
radio galaxy NGC 1275, at the center of the cluster (Aleksic´ et al., 2012d, 2014b); and the detection of
the peculiar radio galaxy IC 310, located at 0.6 deg from the Perseus CG center, which provides important
evidence related to the acceleration of CRs close to black holes (Aleksic´ et al., 2010b, 2014a,d).
In this work we focus on the search for signatures of decaying DM in an extended region from the Perseus
CG with observations from MAGIC. We do not consider the annihilation case since the expected signal of
DM annihilation in the Perseus CG would be one order of magnitude smaller than the signal expected for
the typical case of dSphs (Sa´nchez-Conde et al., 2011). More importantly, the expected morphology of the
signal of annihilating DM is more concentrated towards the center of the cluster that of decay where, in
the case of the Perseus CG, we have limited sensitivity due to the presence of the variable flux gamma-ray
emitter NGC 1275. We search for signatures of decaying DM particles in the mass range between 200 GeV
and 200 TeV for hadronic/leptonic decays, and for DM particles with masses between 200 GeV and 20 TeV
decaying into γγ. We find no evidence for a DM signal and consequently set 95% confidence level (CL)
lower-limits on the decay lifetime of the DM particle for the different assumed mass values and decay
channels.
The rest of this paper is structured as follows. Section 2 discusses the expected DM distribution of the
Perseus CG and the photon flux at Earth coming from DM decays. Section 3 describes the MAGIC obser-
vations and event selection, optimized to search for DM decays. In Section 4 we introduce the likelihood
formalism used in the analysis. In Section 5 we present the obtained lower limits on the decay lifetime,
which are put into context with other measurements. In Section 6 the paper is briefly summarized and the
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conclusions are given.
2. Expected Dark Matter Decay Signal from Perseus
In order to compute the gamma-ray rate expectations and tailor the data reconstruction and analysis, we
first need to assess the DM framework. The differential gamma-ray flux coming from decaying DM from a
given direction in the sky is given by:
d2Φ
dE dΩ
=
1
4pi
1
τDM mDM
dNγ
dE
dJdec
dΩ
,
(1)
where mDM is the DM mass, τDM the DM particle lifetime, dNγ/dE is the average decay spectrum per reac-
tion, and dJdec/dΩ is called the differential astrophysical factor (or simply differential J-factor, Bergstrom
et al., 1998) and is obtained integrating the DM density ρ over the line-of-sight (l.o.s.) for the decay reaction:
dJdec
dΩ
=
ˆ
l.o.s.
dl ρ(l,Ω). (2)
The total J-factor enclosed in a given sky region can be obtained integrating Equation 2 over a solid angle
∆Ω. We proceed now in discussing the terms of Equation 1 separately.
2.1. Decay DM particle models
An important constraint for decaying DM comes from the fact that, if DM particles were in thermal equilib-
rium in the early Universe, τDM should be larger than the age of the Universe in order to explain the current
observed DM density. Scenarios with such candidates should only allow for a small violation of their stabil-
ity (Berezinsky et al., 1991; Chen and Kamionkowski, 2004; Ando and Ishiwata, 2015). Alternatively, the
stability can be related to the strength of the space-time curvature enabling the so-called gravity portal (Cata´
et al., 2017). There are several valid candidates for decaying DM proposed in the literature (see, e.g., Feng,
2010), such as the sterile neutrino, the axion, or the super-symmetric candidates gravitino, lightest right-
handed sneutrino, and wino. Regardless the microscopic nature of the particle, DM decays can be roughly
classified as (i) leptonic, (ii) hadronic, or (iii) a mix of the two, according to the particle predominance in
the decay products. DM candidates with masses at the TeV scale and leptophilic decay modes have been
proposed in order to match the measured spectral features seen in CR positron data (see e.g. Feng et al.,
2014).
Additionally, decay processes may also give rise to monochromatic photon lines (Garny et al., 2011).
Among the candidates previously mentioned, the sterile-neutrino (Ando and Kusenko, 2010) or the gravitino
with masses below 2-300 GeV (Ibarra, 2012) could produce such a clear signal that hardly any astrophysical
process can mimic.
2.2. Dark Matter Distribution
The DM density profile of different astrophysical sources (e.g., the Galactic Center, dSphs and CGs) is
generally considered universal and can be expressed by a Zhao-Hernquist functional form (Hernquist, 1990;
Zhao, 1996) as
ρ(r) =
ρ0(
r
rs
)γ [
1 +
(
r
rs
)α](β−γ)/α , (3)
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Telescope Pointing
A B
Data Selection Data Selection
Period Dates All data [h]
quality [h]
quality + All data [h]
quality [h]
quality +
specific [h] specific [h]
P1 2009.11.01-2011.06.01 94.7 56.4 45.4 - - -
P2 2012.09.01-2013.01.17 9.2 9.1 9.1 59.4 40.2 36.8
P3 2013.07.27-2014.08.05 17.5 16.7 14.8 55 30.2 28.9
P4 2014.08.31-2014.11.22 16.6 10.4 10.1 21.7 21.7 7.5
P5 2014.11.24-2016.04.28 6.8 3.9 3.9 29.3 22.32 21.9
P6 2016.04.29-2017.08.02 44.1 41.9 12.2 20.5 16.02 11.1
TOTAL 185.9 138.4 106.1 188.9 119.2 96.2
Total selected 202.2 h
Table 1: Observations of the Perseus cluster with the MAGIC telescopes for two different telescope pointings A and B for
different observational periods. The number of hours taken for each period and after data selection: quality cuts are based on NSB
and aerosol extinction, specific cuts are based on the night-wise significance of NGC1275, NGC1265 or IC310 (see text for details).
where r is the distance from the DM dynamical center of the cluster, rs and ρ0 are the characteristic scale
radius and DM density, and α, β, γ are free parameters. Due to hierarchical structure formation, the total
DM profile expressed in Equation 2 is the sum of a smooth component and a second component due to
a large expected number of small DM substructures. The effect of DM substructures in the case of DM
annihilation in CGs can increase the total astrophysical factor for annihilation Jann by a factor up to a few
tens (Sa´nchez-Conde et al., 2011; Moline´ et al., 2017). In the case of decaying DM however, because of
the linear dependence with the DM density (see Equation 2), substructures tend to average out for large
observation angles and do not have a sizeable effect on Jdec.
We follow the prescription in Sa´nchez-Conde et al. (2011), where the DM density profile of the Perseus
CG is modelled with a Navarro-Frenk-White parametrization (e.g. a Zhao-Hernquist profile with α = 1,
β = 3 and γ = 1, Navarro et al., 1996) with rs = 0.477 Mpc and ρ0 = 7.25 × 1014 MMpc−3. In our
analysis we consider the entire DM halo of the Perseus cluster (with a radius of ∼ 1.5◦), which results in
total decay J-factor of 1.5 × 1019 GeV cm−2. During the analysis, further angular cuts are applied, which
will effectively reduce that value (see Section 3.2).
The estimation of Jdec is proportional to the total DM mass in the source, and hence this is the largest source
of uncertainty. In order to be considered in our analysis, these uncertainty should be known as a function of
the integration angle (∆Ω in Equation 2), which is not the case. Mass estimates for CGs show agreement of
the order of 4% uncertainty between lensing and hydrostatic estimation on a sample of 50 CGs (Smith et al.,
2016). However, the Perseus CG was not included in this study likely due to its vicinity or ample extension
in the sky. For this reason, current available measurements of the total mass of the Perseus CG (Reiprich and
Boehringer, 2000; Chen et al., 2007) have larger associated uncertainties of about 30%. No uncertainties in
the J-factor are considered in our analysis, but even assuming a 50% uncertainty on Jdec, our lower limits
on the lifetime would be weakened by only a factor 2.
3. MAGIC observation and data selection
MAGIC observations were carried out in wobble mode (Fomin et al., 1994), where both the signal (ON) and
background control (OFF) regions are observed within the same field of view (FoV). The data were taken in
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Figure 1: Schematic view of the Perseus CG FoV. The location of the galaxies NCG 1275, IC 310, and NCG 1265 are marked with
colored stars (the location of NCG 1275 is coincident with the center of the Perseus CG). The large blurred red region represents
the expected DM decay signal morphology (based on Sa´nchez-Conde et al., 2011). The nominal position of the two pointing
modes labeled A and B are shown as open red circles whereas the different pointing positions of the telescopes around these two
pointing mode directions are labeled W0.40+XXX and W0.26+YYY (for pointing modeA and B respectively) and are shown as red
wide dots. ON/OFF regions from opposing pointings (e.g. ON from W0.40+157 and OFF from W0.40+337, where OFF center
position is marked with an empty star) are analyzed in pairs. R1 is the region around NCG 1275 defined by θ < θmin (shown with
dashed black arrows only for OFF) with respect to NGC 1275’s direction. R2 is the region defined between θmin < θ < θmax and are
shown as blue regions for ON and OFF. Dark matter is searched within R2 while R1 is used to evaluate the gamma-ray emission
activity of NGC 1275 for each given dataset.
two different observation pointing modes (here labelled A and B). The gamma-ray emitting radio-galaxy
NGC 1275 is located at the dynamical center of the cluster (see Figure 1), and for observation mode A,
four symmetric pointing positions are taken at 0.4◦ distance around this point. In pointing mode B, the
instrument wobbles around a point half-distance between NGC 1275 and IC 310 (pointing alternately in
two of the pointing positions of mode A). The galaxy NGC 1265 is another important object in the FoV.
NGC 1265 is clearly visible in X-rays (Sun et al., 2005) and, albeit never detected above E > 1 GeV, is
treated as a potential gamma-ray emitter in the analysis.
During the observation campaign, the MAGIC telescopes underwent several hardware upgrades (Aleksic´
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et al., 2016a,b), leading to six different hardware stable periods (from P1 to P6 in Table 1). Appropriate
Monte Carlo (MC) simulations for each period are generated to determine the corresponding instrument
response function (IRF i.e., the effective area for signal, the angular resolution and bias of the energy
reconstruction).
For each data sample, the standard MAGIC event reconstruction (Aleksic´ et al., 2012b) is applied. Data se-
lection is performed in two different steps, first based on quality cuts and secondly on specific cuts (see Ta-
ble 1 for details on the amount of data surviving each data selection criteria). Quality cuts are used to select
data runs of ∼20 minutes duration with the zenith angle ranging between 5◦ and 50◦. Only a minor fraction
of the data recorded was taken with zenith angles above 50◦. A second quality cut was based on the intensity
of the night sky background (NSB) that, if too large, also significantly reduces the performance. We allowed
the average camera illumination to be no larger than three times that of a standard dark night (as suggested
in Ahnen et al., 2017). Furthermore, we selected data based on atmospheric transparency measured with
the MAGIC LIDAR instrument (Fruck et al., 2014), requiring a atmospheric optical depth in the direction
of the telescope pointing larger than 85% that of a clear night (which guarantees acceptable performance
and systematics below those quoted in Aleksic´ et al., 2016a). Finally, an event-wise cut based on the size of
the event (the total integrated charge contained in a shower image) of 80 photo-electrons is applied. This is
slightly higher than the one used for standard low zenith observations to compensate for the larger extinction
of Cherenkov light from events at higher zenith values present in our data.
In a second step, specific cuts are used to remove observation nights in which the detection significance (de-
fined in Li and Ma, 1983) of any of the astrophysical sources NCG 1275, NGC 1265, and IC 310 (colored
star markers in Figure 1) is higher than 3σ. The gamma-ray emission of these sources may vary from night
to night both in intensity and spectral morphology. Since we search for a steady signal of DM, excluding
from the search data from these nights minimizes possible systematic effects introduced by astrophysical
signal contamination. No bias is introduced in the search for DM since the evaluation of the detection sig-
nificance of NGC 1275, NGC 1265 and IC 310 is performed out of the signal region used for the decaying
DM search.
Finally, events surviving all the aforementioned data selection criteria are assigned an estimated energy and
direction, and a parameter called ”hadronness” or h (based on a random forest method, as explain in Albert
et al., 2008), which estimates the hadron or gamma-ray origin of an event.
3.1. Dark Matter signal region
For an accurate computation of the IRF of the analysis, the morphology of the expected DM signal (de-
scribed in Section 2) is used to tune the distribution of simulated MC events. This procedure was first
applied by Ahnen et al. (2018) during the DM search from the Ursa Major II dSph and was discussed
extensively in Palacio (2018). Moreover, in order to avoid contamination from gamma rays coming from
NGC 1275, we construct a ring-shaped signal-search region R2 (defined by two angular distances θmin and
θmax described in Figure 1). Apart from excluding the location of NGC 1275 from the region of interest R2,
its astrophysical contamination inside R2 due to miss-reconstructed events is also estimated and included
in the analysis. Due to the large extension of the decay DM signal and the finite distance between ON and
OFF regions (regions around black and empty stars in Figure 1), OFF regions are not fully signal-free (in
other words, DM events are expected inside the OFF region for all pointing directions). This contamination
is also taken into account in the likelihood (L, see Section 4) and is estimated to be of ∼ 10% (∼ 40%) of
the signal integrated in ON for pointing modeA (B), a factor that further affects the sensitivity.
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Figure 2: Average gamma-ray spectra (dN/dE) as a function of the gamma-ray energy (E) due to prompt emission for the decay
channels bb¯, µ+µ−, τ+τ−, W+W− and γγ for a 20 TeV DM particle.
3.2. Gamma-ray shower discrimination and final event selection
As seen in Equation 1 and 2, the expected gamma-ray flux depends on the instrument-related parameters
θmin and θmax and also depends on the cut on hadronness hc, optimized independently in each energy bin.
Both cuts are optimized based on their expected sensitivity to the DM decay lifetime (as will be introduced
in Section 4). The optimal selection values are then hc, selected for a MC event efficiency of 80%, θmin =
0.1◦ and θmax = 0.33◦ (note that θmax is already close to 0.4◦, the wobble distance at which data were taken).
The effective J-factor for those cuts1 is ∼ 0.99 × 1018 GeV cm−2.
4. Dark matter decay search
Following Ahnen et al. (2016b), we use the PYTHIA simulation package version 8.205 (Sjo¨strand et al.,
2015) to compute the average gamma-ray spectrum per decay process (dN/dE) for DM particles of masses
between 200 GeV and 200 TeV decaying into the SM pairs bb¯, τ+τ−, µ+µ−, W+W− and γγ. For each chan-
nel and mass, we average the gamma-ray spectrum resulting from 107 decay events of a generic resonance
with mass mDM into the considered pair (see Figure 2). For each simulated event, we trace all the decay
chains, including the muon radiative decay (µ− → e−νeνµγ, not active in PYTHIA by default), down to
stable particles. To search for DM in the Perseus CG, we use a binned likelihood method developed for
indirect DM searches with IACTs (Aleksic´ et al., 2012a).
1Estimated by Jdec · Nθmin<θ<θmax/Nθ<1.5◦ , with Nθ<1.5◦ and Nθmin<θ<θmax the number of simulated gamma-ray events, following the
spatial distribution expected for the decay DM signal from Perseus CG, detected before and after the angular cuts, respectively.
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The binned likelihood used in our analysis is written as
L (1/τDM; ν |D)
=
Nsamples∏
i=1
K(κi|κobs,i, σκ,i)
×
Nbins∏
j=1
[ (gi j(τDM) + bi j + fi j)NON,i j
NON,i j!
e−(gi j(τDM)+bi j+ fi j)
×
(
κibi j + gOFFi j (τDM)
)NOFF,i j
NOFF,i j!
e−
(
κibi j+gOFFi j (τDM)
)]
, (4)
where ν collectively refers to the nuisance parameters andD to the data being
ν = {bi j} , κi (5)
D = (NON,i j,NOFF,i j).
The index i refers to the independent datasets (described in Table 2), and j to the bins of estimated energy.
The parameters gi j and gOFFi j are the estimated number of DM signal events for the ON and OFF regions,
respectively; the parameters bi j are the estimated number of background events; NON,i j are the number of
observed events in the ON region and NOFF,i j is the number of observed events in the corresponding OFF bin;
K is the likelihood function for κi (the OFF/ON acceptance ratio), parametrized by a Gaussian function with
mean κobs,i and variance σ2κ,i, which includes statistical and systematic uncertainties, added in quadrature
assuming Poisson statistics. We consider a systematic uncertainty for the parameter κi, σ
sys
κ = 0.015κobs,i, a
value that has been established in (Aleksic´ et al., 2016a). fi j (considered as fixed parameters in this analysis,
in order not to lose the convergence of the likelihood) are the estimated number of foreground events from
NGC 1275 (computed by extrapolating from the estimated number of gamma-ray excess-events within R1
around NGC 1275, see Figure 1). We infer the number of expected events reconstructed inside R2 taking
into account the instrument’s angular point spread function computed from a point-like MC representative
for each analyzed data sample (same hardware stable period, same zenith range, and weighted to reproduce
NGC1275’s spectra measured in Ahnen et al., 2016a). bi j and κi are nuisance parameters, whereas the
estimated number of signal events gi j and gOFFi j depend on the free parameter τDM through
gi j(τDM) = Tobs,i
ˆ E′max, j
E′min, j
dE′
ˆ ∞
0
dE
dφ(τDM)
dE
Aeff(E)i G(E′|E)i, (6)
gOFFi j (τDM) = Tobs,i
ˆ E′max, j
E′min, j
dE′
ˆ ∞
0
dE
dφ(τDM)
dE
Aeff(E)i (E)i G(E′|E)i. (7)
Tobs,i is the total observation time, E and E′ the true and estimated gamma-ray energy respectively, and
E′min, j and E
′
max, j the minimum and maximum energies of the j-th energy bin. Finally, G is the probability
density function for the energy estimator E′ for true energy E, Aeff is the effective collection area for R2
angular cuts computed from the tailored MC sample introduced in Section 3 (that takes into account the
expected morphology of the gamma-ray signal and the instrument angular resolution), and i, the ratio be-
tween expected number of signal events in the OFF and ON regions, obtained from the same MC sample.
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A
Hardware stable period P1, P2, P3, P4, P5, P6
Zenith angle [5-35]
Wobble pointing W0.4 (+058◦,+157◦,+238◦,+337◦)
B
Hardware stable period P2, P3, P4, P5, P6
Zenith angle [5-35], [35-50]
Wobble pointing W0.26 (+108◦,+288◦)
Table 2: List of the different bins for which independent IRFs (and hence, independent likelihoods) are defined.
We define the profile likelihood ratio as
λP (1/τDM|D) = L(1/τDM;
ˆˆν |D)
L(1̂/τDM; νˆ |D)
, (8)
where 1̂/τDM and νˆ are the values maximizing L (L is linear in 1/τDM), and ˆˆν the value that maximizes L
for a fixed 1/τDM (when performing the maximization we restricted the value of the lifetime to the physical
range, 1/τDM ≥0). Lower limits in τDM at 95% CL (τLLDM) are given for
−2 ln λP
(
1/τLLDM D
)
= 2.71. (9)
We approximate the expected sensitivity to the DM decay lifetime τsvtDM as
τsvtDM =
(
1/τLLDM − 1̂/τDM
)−1
. (10)
The null hypothesis is the case with no DM signal (1/τDM = 0), while the test hypotheses are built consid-
ering the flux computed using Equation 2, under the assumption of different DM particles with masses from
200 GeV to 200 TeV for pure SM decays. The dataset is divided into Nsamples = 42 independent subsets2
according to the two observational pointing schemes (A and B), the wobble pointing positions, the different
hardware stable periods, and two zenith ranges (15-35◦ and 35-50◦). Each likelihood term is linked to the
rest of the terms through the common physical parameter τDM.
5. Results and Discussion
We performed a search for decaying DM in the Perseus CG using 202 h of data passing a thorough selection
as described in Section 3, for DM particles decaying into bb¯, τ+τ−, µ+µ−, W+W−, and γγ, with masses
between 200 GeV and 200 TeV (for decays into γγ, the scanned mass range has been reduced between
200 GeV and 20 TeV, since for such spectra for larger masses the number of expected gamma-ray events
2 Four subsamples, out of the naively expected 44 from Table 2 were excluded from the search since almost no data survived
the cuts introduced in Table 1. Moreover, two extra pointings (included in Table 1 but not described in Table 2) were taken at the
beginning of the campaign at the same wobble distance but with different orientation, before optimizing pointing mode A and B.
These two subsamples (accounting each of them for ∼17 h) are also included in the analysis.
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Figure 3: 95% CL lower limit on the DM decay lifetime (solid line) in the bb¯ (top-left), W+W− (top-right), τ+τ− (bottom-left) and
µ+µ− (bottom-right) channels using 202 h of Perseus CG data. The expected limit (dashed line) and the two sided 68% and 95%
containment bands are also shown.
detected by MAGIC in the observation time is lower than 1). 95% CL lower limits on the DM particle decay
lifetime τDM for each decay channel are obtained with a binned likelihood analysis (80 GeV to 10 TeV in
10 logarithmic-spaced bins3) using Jdec = 1.5×1019 GeV cm−2 (see Section 2). The results for leptonic and
hadronic decays are shown in Figure 3 where also reported are the two-sided 68% and 95% containment
bands and the median for the null hypothesis, computed from the distribution of the lower limits obtained
from the analysis of 300 realizations of the null hypothesis. This consist of MC simulations in which both
ON and OFF regions are generated from pure background probability density functions, assuming both
similar exposures for the real data, and κi taken as a nuisance parameter in the likelihood function. We
reach sensitivities τDM > 1026 s where no evidence for decaying DM is found in either decay mode.
3Empty bins are merged with neighbouring ones.
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Figure 4: Comparison of the 95% CL lower limit on the DM decay lifetime from the Perseus CG (solid black line) with similar
measurements in the dSph Segue I by the MAGIC (Aleksic´ et al., 2014c, red line) and VERITAS (Aliu et al., 2012, pink line)
collaborations. The limits obtained from the diffuse galactic center from the Fermi-LAT collaboration (Ackermann et al., 2012b,
green-line) are also shown (limits for W+W− not available).
Figure 4 show the comparison of MAGIC lower limits with results from other searches. Decaying DM
scenarios are currently investigated with several classes of instruments and for different mass ranges. In
the GeV-TeV mass range, the majority of limits make use of the Fermi-LAT instrument, sensitive in the
MeV-GeV range, in two ways: either combining results from observations of CGs (Dugger et al., 2010;
Ke et al., 2011; Zimmer et al., 2011; Huang et al., 2012; Charles et al., 2016; Ackermann et al., 2015a) or
making use of the integrated cosmological decaying DM contribution to the extragalactic diffuse light (see,
e.g., Cirelli et al., 2012; Cohen et al., 2017), composed of prompt and secondary emission. It must be
underlined that these results were not independently validated by the Fermi-LAT collaboration and that, in
some cases these limits depend on the model-dependent secondary components. In the TeV energy range,
where searches for diffuse emission are hindered because of the limited FoV of ground based IACTs, the
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Figure 5: (left) Same as Figure 3 for DM particles decaying into γγ. The scanned mass range goes between 200 GeV and 20 TeV,
since for larger masses the number of expected gamma-ray events detected by MAGIC in the observation time is lower than 1.
(right) Same as Figure 4 DM particles decaying into γγ. Fermi-LAT data based on (Ackermann et al., 2015b).
decaying DM case was discussed by Cirelli et al. (2012) showing lower limits on the DM decay lifetime
with H.E.S.S. data for the Fornax CG, but again an independent validation from the H.E.S.S. collaboration
has not yet been published. At higher energies, the most stringent constraints on certain channels can be
obtained with neutrinos with IceCube (Cohen et al., 2017) or ultra-high-energy cosmic rays with the Pierre
Auger Observatory, KASKADE, and CASA-MIA (Aab et al., 2015; Kang et al., 2015; Chantell et al.,
1997). In the VHE gamma-ray range, our results are compared with previous limits obtained with MAGIC
using 158 h of the dSph Segue 1 (Aleksic´ et al., 2014c). We also show limits from 48 h observation of
Segue 1 with VERITAS (Aliu et al., 2012) and with Fermi-LAT data on the Galactic Center (Ackermann
et al., 2012b). The comparison of these results may suffer from the fact that nuisance parameters are treated
differently in different analyses. Fermi-LAT results are more constraining in the low WIMP mass range,
up to few hundreds of GeV, depending on the decay channel. However, they are based on significant
assumptions on the nature of the diffuse galactic gamma-ray emission, as discussed in Ackermann et al.
(2012b). The Perseus results are more constraining than previous dSph limits achieved above few hundreds
GeV and extend previous MAGIC results towards larger WIMP DM masses so far unexplored. From a
mere comparison of the astrophysical factors (60 times larger for Perseus than for Segue 1) one would have
expected a similarly stronger constraint. However, several factors degrade the sensitivity in this analysis.
Primarily, the region of interest is more complex: the presence of known astrophysical emitters in the FoV
requires a reduction of the search signal region, and the extension of the DM profile induces a leakage
of signal into the OFF region. Secondly, this analysis is made more accurate by additionally taking into
account the uncertainty in the background rate estimation, and the different computation of the IRFs, which
consider the morphology of the CG emission.
We did not consider the effect of a second gamma-ray contribution coming from the interaction of charged
particles (most notably light leptons, generated during the decay process normally after hadronization, frag-
mentation and decay of prompt products) interacting with the intra-cluster magnetic field (ICMF) of Perseus
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or the cosmic microwave background (CMB). These charged particles may diffuse away from the DM halo
although they are expected to be contained by efficient energy loss such as with synchrotron and Inverse
Compton (IC) processes. This was investigated for the annihilating DM case in Go´mez-Vargas et al. (2013)
and Ackermann et al. (2015a), where the authors showed that for DM masses above 50 GeV, the contribu-
tion from secondary gamma rays can boost the signal up to a factor of 5 for muons and a factor of 2 for
taus (Figure 5 of Go´mez-Vargas et al., 2013) for the Galactic Center region. Such a contribution would
be proportional to the J-factor, and therefore be present also in our case. The predominance of the former
or the latter, discussed also in Go´mez-Vargas et al. (2013), is governed by the intensity of the ICMF. For
values larger than 3µG, the magnetic field energy density is comparable to that of the CMB photons, that
are the seeds for IC up-scatterings. Considering that the Perseus core is expected to have a magnetic field
in the range 3− 25µG or larger (Aleksic´ et al., 2012c; Taylor et al., 2006), the IC contribution is expected to
be less relevant due to important synchrotron losses. Above several hundreds GeV, our results are therefore
conservative and could be only slightly more stringent in case secondary emission is considered.
Finally, the results for monochromatic line decays are shown in Figure 5a where we reach sensitivities
τDM > 1027 s. Again, no evidence for decaying DM is found. In Figure 5b, Perseus results for line-like
spectra are put into context and compared with the Fermi-LAT data of Ackermann et al. (2015b)4. The
Fermi-LAT collaboration has published several studies on spectral line searches (Abdo et al., 2010; Acker-
mann et al., 2012a, 2013). In their latest work (Ackermann et al., 2015b), Fermi-LAT updated their results
using 5.8 years of Pass 8 data and an optimized region of interest according to different DM realizations.
One can see that Fermi-LAT data are more constraining below the TeV mass scale while Perseus results
are the most constraining results at the low TeV mass range and extend the current scanned mass range of
decaying WIMPs to larger values.
6. Summary and Conclusions
Clusters of galaxies are optimal targets for decaying DM searches, given their huge expected DM content.
The MAGIC telescopes have observed the Perseus CG for about 400 h over several years. The data sample
was used in this paper to search for decaying DM in the Perseus CG core. The analysis is made more
complex by the presence of the central radio galaxy NGC 1275, a known bright gamma-ray emitter with
variable flux, as well as by the more peripheral radio galaxy IC 310. Furthermore, the putative signal region
extends outwards to a radius a few times the telescope angular resolution. This necessitated the development
of a tailored MC sample and the inclusion of extra terms in the likelihood function with respect to a standard
analysis. Out of the full data sample, 202 h have been selected for our study. No evidence of a DM signal
has been found. From this result, we cast lower limits on the decay lifetime τDM of WIMP DM with
masses between 200 GeV and 200 TeV for several “pure” (i.e. 100% branching ratio) decay channels
bb¯, τ+τ−, W+W−, µ+µ− as well as for “pure” γγ decay line. We have reached strong limits on the order
of τDM = 2 × 1026 s for a 10 TeV DM particle decaying into τ+τ− and τDM = 3 × 1027 s for a 10 TeV DM
particle decaying into γγ. Our limits improve previous MAGIC results and are the most constraining limits
on the decay lifetime of DM particles based on observations from ground-based gamma-ray instruments.
It is unlikely that dwarf satellite galaxies can provide stronger constraints on decaying DM scenarios than
the ones provided by CGs. Improving current limits on decaying DM particles with this technique would
4Using the lower limit on decay lifetime computed in the region of interest dubbed R180 in their paper, optimized to search for
spectral lines from DM decay
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require a significant increase of observation time on CGs, which is unlikely in the close future with the
current generation of IACT. Therefore, these results are unlikely to be further improved until the next
generation of Cherenkov telescopes, like the Cherenkov Telescope Array (CTA, Acharya et al., 2017),
becomes active.
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